Constrictive pericarditis is caused by adhesions between the visceral and parietal layers of the pericardium and progressive pericardial fibrosis that restricts diastolic filling of the heart. Later on, the thickened pericardium may calcify.
This article reviews the imaging features of constrictive pericarditis and illustrates some pitfalls in the diagnostic approach of this pathology that remain elusive.
Etiologies and Diagnostic Features
Various conditions can lead to constrictive pericarditis including infectious etiologies, connective tissue diseases, trauma, metabolic disorders (uremia), iatrogenic etiologies (pericardiotomy, radiation therapy), and neoplasms. Alternatively, constrictive pericarditis may be idiopathic. Currently, constrictive pericarditis is most often a sequela of cardiac surgery in Europe and North America, especially coronary revascularization procedures. The second most frequent cause is mediastinal irradiation. In third-world countries, tuberculous pericarditis remains a leading cause of constrictive pericarditis.
The diagnostic feature of constrictive pericarditis is pericardial thickening coupled with signs of impaired diastolic filling of the right ventricle [1] . The latter leads to nonspecific signs of underlying right heart failure including dilatation of the inferior vena cavae, coronary sinus, hepatic veins, and right atrium, and also may lead to congestive hepatomegaly. Thickening of the pericardium may be diffuse or localized, particularly in the right atrioventricular groove, and is observed most frequently in the region of the right ventricle [1] .
Plain Chest Film
The plain radiograph frequently is abnormal in patients with hemodynamically significant constrictive pericarditis [2] . Restriction to left atrial emptying during diastole by the rigid and noncompliant pericardium results in an increase in left atrial and subsequently pulmonary venous pressure, with signs of pulmonary venous hypertension. The overall cardiac size usually is normal or only mildly enlarged. The left atrium, which is covered only partly by pericardium, may be enlarged. Cardiac contour abnormalities have been described, particularly flattening of the right cardiac contour, which is characteristic but infrequently present.
Pericardial calcifications are visible on plain films in roughly 50% of cases [3] . These are most obvious in regions where normal fat is found, namely in the atrioventricular and interventricular grooves. Two classic patterns of pericardial calcifications have been described. The calcium can be thin and linear, and appear as eggshell calcifications around the margins of the heart. The calcifications also can appear shaggy and thick, historically believed to be specific for tuberculous pericarditis.
Doppler Echocardiography
Echocardiography is the imaging modality most often used for the initial evaluation of pericardial disease. In constrictive pericarditis, 2-dimensional echocardiography is used mainly to rule out other causes of right-sided heart failure. In patients with severe constrictive pericarditis, classic findings include an unusual early diastolic septal bounce and an inspiratory septal shift (see discussion later in MRI section) [4] . Also, a subset of patients with constrictive pericarditis may have a pericardial effusion, which is identified readily with echocardiography.
Assessment of pericardial thickness is not highly accurate on transthoracic echocardiographic imaging. Transesophageal echocardiography may allow more accurate measurement of pericardial thickness but is invasive [5] .
Doppler echocardiography may provide additional diagnostic information and confirm the presence of constrictive physiology. Although early diastolic filling remains unimpeded with rapid early diastolic ventricular filling, mid-diastolic and especially late diastolic filling is reduced severely as a result of an inability of the ventricle to fill because of the rigid pericardium. Examination of the mitral flow velocity may show a markedly increased early diastolic filling velocity (E velocity) with a rapid deceleration and a decreased late diastolic filling velocity following atrial contraction (A velocity), with a resulting increased E:A ratio after atrial contraction ratio. This is found in constrictive pericarditis but also in restrictive cardiomyopathies. However, dynamic changes with respiration occur only in patients with constrictive pericarditis. This is due to a dissociation of intrathoracic and intracardiac pressures, which results in respiratory shifts in the diastolic pressure driving force across the mitral valve. Normally, inspiration causes a decrease in intrathoracic pressure that is reflected in the cardiac chambers, resulting in a constant driving pressure from the lungs across the pulmonary veins, into the left atrium and across the mitral valve. In patients with constrictive pericarditis, the rigid pericardium does not allow the decrease in intrathoracic pressure to be transmitted to the left-sided chambers. Therefore, during inspiration, there is a lower driving force from the lungs into the left ventricle, resulting in an inspiratory decrease in the early diastolic filling velocity of flow across the mitral valve, with the opposite occurring during expiration, characteristic of constrictive pericarditis [4] . Reciprocal changes occur in the right ventricle during inspiration and can be assessed by analysis of transtricuspid velocity curves.
Cardiac Catheterization
Cardiac catheterization can yield classic findings of constrictive pericarditis, but these findings also are present in restrictive cardiomyopathies. These include an increase and equalization of end-diastolic pressures in all 4 cardiac chambers, a dip-plateau pattern in the ventricular pressure curves, and a rapid x and y descent in the atrial pressure curves [4] .
CT
CT is the best imaging procedure to reveal pericardial calcifications. However, a calcified pericardium does not necessarily imply the presence of constrictive pericarditis. Furthermore, the absence of calcifications does not rule out constriction.
Both CT and MR provide an excellent depiction of pericardial thickness and may reveal characteristic morphology of the central cardiovascular structures. The right ventricular cavity size frequently is normal or reduced. The ventricles may be elongated and narrowed, with a characteristic tubular configuration [6] . Systemic venous dilatation (particularly in the inferior vena cavae), hepatomegaly, ascites, and pleural effusions also may be seen [7] .
MRI
MRI is being used with increased frequency in the evaluation of the pericardium. Advantages include its potential for tissue characterization, the absence of ionizing radiation, its noninvasiveness, and the ability to scan in any plane. Disadvantages include its difficulty in identifying calcifications because calcium produces no MR signal, and the need for cardiac gating, which may result in inadequate examinations in patients with arrhythmias.
On T 1 -weighted spin-echo MR imaging, the normal pericardium is identified as a thin band of low signal intensity, owing to its mainly fibrous structure, bordered by the high signal intensities of the external pericardial fat and the internal epicardial fat [8, 9] . The diagnostic accuracy of MRI in constrictive pericarditis in patients with symptoms and signs suggestive of the diagnosis exceeds 90% [10] . Measurement of pericardial thickness is most significant in the diagnosis of constrictive pericarditis, and typically is measured over the right ventricle or atrium during the diastolic phase of the cardiac cycle. Normal pericardial thickness is less than 2 mm. Pericardial thickening is defined as an increase in the pericardial thickness to more than 4 mm. Pericardial thickening in the appropriate clinical setting is highly suggestive of constrictive pericarditis [10] ( Figure 1 ).
Serous nonhemorrhagic pericardial fluid appears as a signal void on double-inversion recovery imaging or on spin-echo sequences because of its long T 1 relaxation time. In these cases, distinguishing between pericardial thickening and small to moderate pericardial effusions can be difficult because both fluid and pericardium will show low signal intensities on such sequences, and hence can be confused with one another [11] . Gradient echo cine-MR can be used to confirm the presence of pericardial fluid, which will appear bright because of its long T 2 relaxation time.
Abnormal configurations of the ventricular septum, resulting from the phenomenon of ventricular interdependence, are being recognized increasingly as findings suggestive of constrictive pericarditis. The ventricular septum may be flattened or have a sigmoid shape. On cine-MR, there may be early diastolic flattening or bowing of the ventricular septum towards the left ventricle. Abnormal diastolic septal motion has an accuracy of 90% in the prediction of constrictive pericarditis [12] . Moreover, in patients with constrictive pericarditis, enhanced ventricular interdependence causes respiratory-dependent dynamic changes of the configuration of the ventricular septum. Ventricular interdependence is a normal physiologic phenomenon reflecting alterations in function of one ventricle owing to changes in filling conditions in the other [13] . Normally, inspiration enhances early right ventricular filling because of enhanced venous return, whereas the opposite occurs during expiration. In normal subjects, this leads to minimal septal excursion or, in a minority of cases, transient septal flattening. In patients with constrictive pericarditis, the rigid and noncompliant pericardium causes pathologic ventricular interdependence. During early right ventricular filling, which precedes left ventricular filling, the outward expansion of the right ventricle is impaired by the noncompliant pericardium, resulting in an abrupt increase in right ventricular pressure. This sudden increase in right ventricular pressure then is directed towards the more compliant ventricular septum, causing transient leftward septal motion. This phenomenon is influenced strongly by the respiratory cycle and is most pronounced at the onset of inspiration. This pathologic septal motion, first noted with echocardiography and termed septal bounce, is regarded by many investigators as one of the most sensitive and specific signs of constrictive pericarditis, with a reported sensitivity of 62% to 81% and a specificity of 93% to 100% [13] . More recently, real-time cardiac MRI has been shown to be a valuable technique for determining the influence of respiration on septal motion and helpful in differentiating causes of impaired ventricular filling [14, 15] .
Enhancement of the thickened pericardium after administration of gadolinium may be present in constrictive pericarditis, but is nonspecific [9] .
Preliminary data has shown that MRI also can be used to determine if pericardial adhesions are present, and to distinguish between pericardial adhesions and functionally normal thickened pericardium. Cineegradient echo movies are used with tag lines placed orthogonal to the pericardium in systole. In the presence of normal pericardium, these lines move with the cardiac cycle because the 2 layers of pericardium move freely with respect to each other. If pericardial adhesions are present, there is restricted motion between the pericardial layers and the tag lines do not break across the pericardium but rather have a stretched appearance [3] .
Pitfalls
Constrictive pericarditis can occur without pericardial thickening, and has been documented in up to 20% of patients with surgically confirmed constrictive pericarditis [4] (Figure 2 ). Furthermore, although pericardial thickening in the appropriate clinical setting is highly suggestive of constrictive pericarditis, a thickened pericardium does not always indicate constrictive pericarditis. For example, pericardial thickening is an expected finding for weeks to months after cardiac surgery or in the context of acute pericarditis [7] .
Also, other pathologic conditions may present with isolated pericardial thickening, namely neoplasms. Although neoplastic pericardial diseases may present with obvious nodular masses most often associated with a pericardial effusion, these sometimes may present only with focal or generalized pericardial thickening that may be difficult to differentiate from constrictive pericarditis (Figure 3 ). Neoplastic pericardial disease can be caused by primary involvement or metastatic pericardial disease, the latter being more frequent. Pericardial involvement can occur via contiguous spread or metastatic implants. Melanoma and lymphoproliferative malignant neoplasms are the 2 neoplasms most likely to be associated with pericardial metastasis. Carcinoma of the lung and breast, because of their prevalence, are the 2 most frequent neoplasms to metastasize to the pericardium. Primary pericardial tumours are rare. Among these, mesothelioma is the most frequent. 
Summary
In patients with clinical suspicion of underlying constrictive pericarditis, the most important radiologic diagnostic feature is abnormal pericardial thickening. Nevertheless, the demonstration of a thickened pericardium does not always indicate constrictive pericarditis and constrictive pericarditis can occur without pericardial thickening. The diagnostic approach therefore must be individualized for each patient and may include imaging findings from plain chest films, Doppler echocardiography, CT, MRI, and cardiac catheterization.
